Background. Drug treatments and vaccine designs against the opportunistic human 32 pathogen Pseudomonas aeruginosa have multiple issues, all associated with the diverse 33 genetic traits present in this pathogen, ranging from multi-drug resistant genes to the 34 molecular machinery for the biosynthesis of biofilms. Several candidate vaccines against 35 P. aeruginosa have been developed, which target the outer membrane proteins; however, 36 major issues arise when attempting to establish complete protection against this pathogen 37 due to its presumably genotypic variation at the strain level. To shed light on this concern, 38 we proposed this study to assess the P. aeruginosa pangenome and its molecular evolution 39 across multiple strains. Results. The P. aeruginosa pangenome was estimated to contain 40 more than 16,000 non-redundant genes, and approximately 15% of these constituted the 41 core genome. Functional analyses of the accessory genome indicated a wide presence of 42 genetic elements directly associated with pathogenicity. An in-depth molecular evolution 43 analysis revealed the full landscape of selection forces acting on the P. aeruginosa 44 pangenome, in which purifying selection drives evolution in the genome of this human 45 pathogen. We also detected distinctive positive selection in a wide variety of outer 46 membrane proteins, with the data supporting the concept of substantial genetic variation in 47 P. aeruginosa strains. 57 58 59 60 5
proteins probably recognized as antigens. Approaching the evolutionary information of 48 genes under extremely positive selection, we designed a new Multi-Locus Sequencing 49
Typing assay for an informative, rapid, and cost-effective genotyping of P. aeruginosa 50 clinical isolates. Conclusions. We report the unprecedented pangenome characterization of 51 P. aeruginosa on a large scale, which included almost 200 bacterial genomes from one 52 single species and a molecular evolutionary analysis at the pangenome scale. Evolutionary 53 information presented here provides a clear explanation of the issues associated with the 54 use of protein conjugates from pili, flagella, or secretion systems as antigens for vaccine 55 design, which exhibit high genetic variation in terms of non-synonymous substitutions in 56 presumably antigenically variable organism. Results supporting this assumption have 85 been reported, yielding genetic information from the P. aeruginosa genome. For 86 example, genetic variability explored in multiple P. aeruginosa isolates from different 87 regions of the world indicated that pcrV, a member of the type III secretion system, 88 exhibits limited genetic variation in terms of non-synonymous substitutions [10] . 89
Although this type of analysis is informative, it provides only a very limited view of the 90 genetic and evolutionary processes occurring at the genome level in P. aeruginosa and 91 does not completely explain the failure to design and develop a successful vaccine 92 against this human pathogen. Although antigen selection to design a P. aeruginosa 93 vaccine is not a reported problem [11] , to date, no genomic studies have correlated 94 antigen genetic structure and variation with the effectiveness of antibody 95 immunotherapy or vaccines, the efficacy of which remains elusive [11] . Moreover, 96 enormous variation in the response against P. aeruginosa immunogenic proteins in 97 patients with P. aeruginosa infections [12] could indicate that genetic factors from the 98 pathogen and/or host could be responsible for the incomplete efficacy of candidate 99 vaccines tested. In this fashion, this study aimed to i) better understand the genome 100 structure and genetic variation exhibited by Pseudomonas aeruginosa¸ ii) link the 101 genome variation information with past and future P. aeruginosa vaccine designs, and 102 iii) present and validate new molecular markers for Multi-Locus Sequence Typing 103 (MLST) based on the study of genes exhibiting a higher ratio of non-synonymous over 104 synonymous substitution rate. To achieve these aims, a combined pangenome-wide and 105 molecular evolution analysis was performed using up-to-date and genome-scale genetic 106 information publicly available in the Pathosystems Resource Integration Center 107 (PATRIC) database [13] . 108
Results and Discussion

109
Defining the Pseudomonas aeruginosa pangenome 110 A total of 181 genomes of P. aeruginosa strains were obtained through the public 111 PATRIC database (see methods and Additional File 1). The preliminary analysis of the P. 112 aeruginosa genome size variability is shown in Table 1. The P. aeruginosa chromosome 113 contains 6,175 genes on average, with a distribution ranging from 5,382 to 7,170 genes per 114 genome, indicating a variation of 13-16% in terms of gene content among all strains 115 analysed. By using the genome-centred approximation to define the P. aeruginosa 116 pangenome (see methods), a total of 16,820 non-redundant genes were retrieved from 117 those 181 genomes analysed. Almost one-third of the full set of genes constituting the P. 118 aeruginosa pangenome, 5,209 genes (31%), were found to be uniquely present, meaning 119 that every strain approximately contributes 29 new genes to the Pseudomonas aeruginosa 120 pangenome on average. Initially, these data fit well with a theoretical number of strain-121 specific new genes added to the pangenome when a new strain genome was sequenced, 33 122 for the Streptococcus agalactiae pangenome [14] . However, for a more precise calculation 123 of genomic and functional features of the P. aeruginosa pangenome, we performed general 124 methods described by Tettelin and co-workers to define bacterial pangenomes [15] . After 125 an iterative and combinatorial process, our observed data was plotted as rarefaction curves 126 following Heaps' law ( Figure 1A ). Further information was extracted from the pangenome 127 analysis regarding gene categorization. The core genome or extended core of genes was 128 characterized as the set of genes present in all or almost all genomes analysed; in this 129 manner, we established that the P. aeruginosa core genome contains approximately 2,503 130 genes that are present in all 181 genomes studied, and they account for 15% of the 131 pangenome. The graphical representation of the discovery rate for new genes at the core 132 genome across the iterative analysis of P. aeruginosa strains for pangenome reconstruction 133 is shown in Figure 1B . We analyzed such data with power law (n = κN -α ) finding and 134 averaged alpha parameter of 2.36 ± 0.49 (CI = 2.27 to 2.46) indicating the P. aeruginosa 135 pangenome is closed according to proposed postulates of . 136
Moreover, interpretation of these data with the exponential regression allowed to estimate 137 and horizontal asymptote (θ) 10 genes ± 2.99, indicating a small but finite number of new 138 genes expected to be discovered with the study of new P. aeruginosa studies. A 139 preliminary analysis regarding the distribution of some genes involved in lung infections 140 like the biofilm-associated (mifS, mifR, bamI, bdlA, bfiS, and bfmR) and antibiotic 141 resistance genes (oprM, ampC, ampD, and PIB-1), and functionally annotated in the 142 Pseudomonas Genome Database [16] , has revealed that these genetic entities are present 143 between 95 to 100% of the strains studied here. This indicates that such functions, and 144 pathogenicity by extension, are encoded into the core genome of P. aeruginosa. 145
146
The set of genes, which were not included in the core genome or were unique (present 147 in 1 genome), were referred to as the accessory genome; it included the 54% of genes 148 found in the P. aeruginosa pangenome (Table 1) . Interestingly, when we plotted the 149 frequency of all pangenome genes present in different strains/genomes analysed ( Figure  150 1C), we found a similar distribution to that reported by Lapierre and Gogarten when they 151 estimated the pangenome for more than 500 different bacterial genomes [17] . This 152 distribution plot clearly demonstrated the characteristic distribution and frequency of 153 different groups of the above-stated genes. In general terms, the P. aeruginosa pangenome 154 exhibits a high level of genome variability, whereby only 40% (2,503/6,175) of its genome 155 is constant, on average. Thus, the remaining 60% of P. aeruginosa genome is presented as 156 a variable piece of DNA composed of a wide repertoire of genes and molecular functions. 157 A very recent study has partially characterized the P. aeruginosa pangenome using a total 158 of 20 different human-and environmental-derived strains. Their numbers in terms of 159 average genome size and ORFs per strains are very close to those we show in the present 160 study. However, they estimate the P. aeruginosa pangenome to have 13,527 with more 161 than 4,000 genes catalogued as the core genome [18] . The pangenome estimated in our 162 study exceeds by more than 3,000 genes to that reported by Hilker and co-workers as well 163 as to that reported by . This is totally expected given that the 164 more genomes analyzed, the more probability to discover new genes, an assumption that is 165 clearly exemplified in the Figure 1A . Conversely, the core genome appear to be negatively 166 affected by addition of new strains because the probability of sharing genes among strains 167 decreases as new strains are incorporated to the study sample. This parameter intuitively is 168 directly dependant of the number of strains used to calculate the core genome and their 169 clonal relationship, which could strongly reduce gene diversity in the pangenome. Given 170 that the multi-strain, iterative and combinatorial process used here to estimate the P. 171 aeruginosa pangenome has produced a closed pangenome, we proposed that core genome 172 for P. aeruginosa is composed of approximately 2,500 genes. This number is notably 173 lower than those proposed in very recent studies aiming the characterization of the P. 174 aeruginosa pangenome as well [18] [19] [20] . However, none of those studies have produced a 175
proper metrics indicating that their proposed pangenomes are closed. Therefore, our data 176 represent the most accurate characterization of the P. aeruginosa pangenome supported in 177 the analysis of more than 180 different strains throughout iterative and combinatorial 178 approaches. Moreover, the metrics presented in here is very close to that early 179 characterized for Escherichia coli, for which a core genome was defined to account 2,200 180 genes [21] . 181 182 Subsequently, we proceeded to perform a functional analysis with the full set of genes 183 uniquely presented as well as other set of genes categorized by frequency in the P. 184 aeruginosa pangenome. As a consequence, the nucleotide sequences of genes found to be 185 present only in one P. aeruginosa strain were translated to amino acid sequences and then 186 submitted to the Kyoto Encyclopedia of Genes and Genomes (KEGG) through the KEGG 187 Automatic Annotation Server (KASS) for functional annotation at the protein level [22] . 188
We retrieved only 14% (738 out of 5,209) of the functional annotation for this set of genes, 189 of which more than 59% (3,075 out of 5,209) comprises ORFs, encoding putative peptides 190 shorter less than 100 aa in length. We explored the predominance of functions present in 191 the 738 ORFs annotated at the KEEG Pathways level. Consequently, we found that in 192 addition to proteins involved in more general functions, such as metabolic pathways 193 (ko01100, 103 proteins) and the biosynthesis of secondary metabolites (ko01110, 30 194 proteins), proteins participating in more specific molecular tasks, such as the biosynthesis 195 of antibiotics (ko01130, 22 proteins), the bacterial secretion system (ko03070, 20 proteins), 196 ABC transporters (ko02010, 17 proteins), and two-component system (ko02020, 36 197 proteins), were frequently present as well. Among all of these proteins, we highlighted the 198 presence of several members of the type II and IV secretion systems responsible for the 199 secretion of bacterial toxins, proteins of the macrolide exporter system, and beta-200 lactamases and efflux pump proteins associated with beta-lactam resistance. Since such 201 functional categories are found uniquely in different strains, this fact would support the 202 idea that P. aeruginosa strains exhibit a wide variety of mechanisms to survive in several 203 adverse environments being able to remain latently as reservoir of these genetic traits. 204
Furthermore, this would have direct implication in emergence of multi-resistant and 205 virulent strains since such genetic traits could all converge into single strains by horizontal 206 transference mechanisms. 207
208
We further assessed the molecular functions of the portion of the P. aeruginosa 209 accessory genome comprising genes between the 5th and 95th percentile of frequency (9 < 210 accessory genome < 172) among all the genomes analysed. A total of 2,605 proteins were 211 submitted again to the KASS server, retrieving functional annotation for 735 (28%) of 212 them. We found a similar predominance of the above-stated pathways, but we expanded 213 our analysis to include the biosynthesis of amino acids (ko01230, 37 proteins) and amino 214 sugar and nucleotide sugar metabolism (ko00520, 13 proteins). Strikingly, we found 215 additional proteins involved in vancomycin resistance as well as proteins of the type I and 216 VI secretion systems associated with the export of toxins, proteases, lipases and other 217 effector proteins. A general view of the molecular functions confined to different 218 categories of the P. aeruginosa pangenome is shown in Figure 2 . Comparison at the 219 orthology level ( Figure 2) indicated that a high level of functional specificity exists in all 220 gene categories of the P. aeruginosa pangenome, whereby 79% of annotated genes in the 221 core genome are not present in other categories. This percentage remains high at 47% in 222 unique genes and 49% in the accessory genome. Previous studies have shown similar 223 results in terms of functional categories of core and accessory genomes partially defined 224 for P. aeruginosa, where core genome is enriched in central metabolism functions and 225 major cellular functions such as replication, transcription, and translation as well as other 226 associated biosynthetic pathways [19, 20] . At the KEGG functional module level, we 227 disclosed some molecular pathways to be distinctive for every gene category in the 228 pangenome. Table 2 summarizes those molecular pathways in which the P. aeruginosa 229 core genome was found to contain a wide range of genes involved in either antibiotic 230 biosynthesis and resistance. Therefore, functional characterization of the P. aeruginosa 231 core genome would indicate that the infectivity and resistance are features intrinsically 232 exhibited by any P. aeruginosa strain and that virulence and lethality would be confined to 233 genetic traits encoded in the accessory genome. 234 235 Molecular evolution in the Pseudomonas aeruginosa pangenome 236 In addition to uncovering the genes and functions that confer distinctive features to P. 237 aeruginosa strains, we explored the genetic variability in every gene family retrieved from 238 its pangenome. This approach could provide evidence of how the P. aeruginosa genome 239 evolves to evade the immune response as well as depict the level of variability thought to 240 be the major cause of the lack of success in designing a effective vaccine. For more than 241 10,000 gene families containing at least 2 members, we calculated the synonymous (dS) 242 and non-synonymous (dN) rates, parameters indicative of the selection pressure on coding 243 genes. The global distribution of dS and dN rates expressed as the omega value (ω = 244 dN/dS) across the P. aeruginosa pangenome is presented in Figure 3A . Although the 245 distribution of ω values fits well into a unimodal distribution, globally, it shows a shift-to-246 left distribution towards values lower than 1 with ω median = 0.1. These data suggest that 247 the P. aeruginosa coding genome is under purifying selection as a whole, in which 248 synonymous substitutions are predominantly higher than non-synonymous substitutions. 249
The coding genes considered under positive selection must present ω > 1 (dN > dS); 250 however, at the initial stage, we performed more restrictive filtering, thus considering those 251 genes that exhibited at least a 2-fold greater non-synonymous substitution rate than the 252 synonymous substitutions (ω ≥ 2). As a result, we retrieved a total of 230 genes (1.4% of 253 pangenome) for which 71 functional annotations (31%) were recovered from the KASS 254 server. We found a wide variability in terms of the molecular pathways for the genes under 255 positive selection. Notably, among all genes under positive selection, we detected that 256 some of them coded for proteins with remarkable functions, such as VirB2 and VirB9 257 (K03197 and K03204, respectively). Both proteins are components of the type IV secretion 258 system and are localized at the outer membrane. In the case of VirB2 proteins, the T-pilus 259 protein controls attachment to different receptors on the host cell surface to deliver toxin 260 effector molecules [23] . Attempts to distinguish the specific role of these proteins through 261 homologue searching in the Uniprot database have retrieved unclear results given that 262 amino acid sequences of VirB2 and VirB9 from P. aeruginosa pangenome matched 263 primarily with conjugal transfer proteins from A. tumefaciens (identity ~40% over 70% of 264 the protein length), but also with toxin liberation protein F from B. pertussis (identity 265 ~28% over 80% of the protein length). In any event, the VirB2 and VirB9 proteins must be 266 exposed on the cell surface of pathogens making possible the P. aeruginosa be recognized 267 by the host immune system and triggering a specific response against these potential 268 antigens, thus promoting immune memory against this pathogen. The antigenicity of VirB2 269 and VirB9 proteins is further supported by their high rate of non-synonymous substitutions 270 observed across different strains analysed, which would be result of the strong selection 271 forces from the host immune system. Notwithstanding, we cannot discard these high rates 272
of non-synonymous substitutions appear as response of phage predation. In this last 273 scenario, the information retrieved in the present study regarding the set of genes under 274 strong positive selection can be also useful to design bacteriophage-based therapies which 275 have already been tested in P. aeruginosa [24] . Similarly, other outer membrane-bound 276 proteins, such as the flippase MurJ (K03980) and the flagellin FlgF (K02391), which have 277 been associated with virulence and pathogenicity [25, 26] , exhibited a higher rate of non-278 synonymous substitutions than synonymous substitutions . 279 280 Strong selection forces from the immune response or environmental pressure were also 281 detected in a set of P. aeruginosa genes tightly linked with virulence in other human 282 pathogens. Therefore, we observed positive selection in the following genes: the PsrtC 283 (K08303) homologue, a protease involved in mucus degradation during H. pylori infection 284 (pathway ko05120); the MprF and ParR homologues (KO14205 and K18073, 285 respectively), proteins involved in the cationic antimicrobial peptide (CAMP) resistance in 286
Gram-positive and Gram-negative bacteria (ko1503), respectively; the PstS homologue 287 (K02040), an integral membrane ABC phosphate transporter that modulates the TLR4 288 response during M. tuberculosis infection (ko5152); the T. brucei ICP homologue (14475), 289 a protein involved in immunosupression by modulating the degradation of IgGs (ko5143); 290 and the RNA polymerase sigma-54 factor (K03092), which is associated with the V. Once the inventory of SMART and Pfam domains contained in the entire P. aeruginosa 299 pangenome was assessed, we performed a Fisher's exact test for 2 x 2 contingency tables to 300 verify the significant over-representation of Pfam/SMART domains in the proteins under 301 positive selection with respect to the pangenome. We observed the presence and 302 prevalence of 4,090 different protein domains from both the SMART and Pfam 303 classification in the P. aeruginosa pangenome. Forty-four of these 4,090 domains were 304 found to be over-represented in the proteins exhibiting positive selection (Table 3) . Among 305 them, we observed a high frequency of membrane-bound proteins acting as transporters or 306 receptors. Some of the functions over-represented in Table 3 agree with some stated from  307 previous analyses in which membrane proteins (transporters and/or receptors) as well as 308 the Sigma-54 factor seem to be under positive selection in P. aeruginosa. Interestingly, we 309 observed the presence of proteins related with either 16S RNA and ribosomal protein 310 methylation (Table 3) . We detected such patterns of molecular evolution in this class of 311 proteins previously, but in different human pathogens [27] . Although we cannot shed light 312 on the meaning of this type of evolution in these proteins given their function, we 313 hypothesized that they might influence the translation process to modulate the expression 314 of a certain set of proteins directly or indirectly involved in pathogenesis. Recent studies 315 on rRNA methylation indicate that they play a meaningful role in decoding function [28-316 30] . Indeed, some of them have been directly involved with virulence [31] . Characterization of the P. aeruginosa pangenome offers not only critical information 336 about the molecular functions and prevalence of certain genes across multiple strains 337 analysed but also information about the level of genetic variability at the strain level. A 338 molecular evolution approach retrieved a large set of genes/proteins under positive 339 selection in P. aeruginosa. At the same time, such genes could be used for genotyping 340 aims to associate certain genetic variants with pathogenicity and virulence traits. As a 341
consequence, we selected and tested some P. aeruginosa genes in a MLST strategy to 342 discern phylogenetic relationships among a large number of PATRIC reference strains 343 analysed and six P. aeruginosa aminoglycoside and carbapenem-resistant strains isolated 344 from patients who acquired healthcare-associated infections in a clinic located outside the 345 metropolitan area of Medellin, Antioquia, Colombia. 346
347
We narrowed down the list of MLST candidates by selecting the genes that had the 348 following characteristics: i) present in at least 95% of the strains explored at the sequence 349 level (frequency ≥ 172); ii) exhibiting omega values significantly higher than 1 ( Figure 3B , 350 p ≤ 0.05, ω > 15 ); and iii) short enough to facilitate Sanger sequencing in a few reactions. 351
Of the 27 genes/proteins showing significant positive selection, we finally selected four 352 genes, the features of which are depicted in Table 4 . After amplification and Sanger 353 sequencing of selected genes in our six P. aeruginosa isolates, we combined that genetic 354 information with that completely available for 170 P. aeruginosa strains, thus building a 355 multiple sequence alignment almost 3,000 bp in length for a total of 176 different strains. 356
Using maximum likelihood approaches, we reconstructed the phylogenetic relationships 357 among all strains and retrieved the phylogenetic tree showed in Figure 4 . Our six local 358 isolates were positioned in three different clades, where isolate 49 was closely related to 359 the highly virulent P. aeruginosa PA14 strain, representing the most common clonal group 360 worldwide [32] . By contrast, isolate 77 was related to several strains, including the multi-361 drug-resistant P. aeruginosa NCGM2.S1 [33] Based on the best evolutionary model fitted to the nucleotide substitution pattern 367 observed for these markers (TrN+I+G), a proportion of invariable sites of 0.9080 was 368 obtained, thus indicating that more than 250 polymorphic sites are present in our MLST 369 approach. Moreover, gamma distribution parameters (0.5060) is indicative of few hot-spots 370 with high substitution rates [36] . In this fashion, we provided support to use the highly 371 variable genetic markers reported here for MLST to produce an initial, fast, and cost-372 effective genotyping for P. aeruginosa strains of clinical interest. To compare if the 373 evolutionary history of P. aeruginosa strains is equally represented by of our proposed 374 MLST markers in comparison with that inferred by using common MLST markers [37, 375 38], we reconstructed a phylogeny using similar approaches and DNA sequences 376 corresponding to seven housekeeping genes : acsA, aroE, guaA, mutL, nuoD, ppsA, and 377 trpE. The resulting tree showed not deep topology differences when compared to that 378 created from our proposed MLST approach (data not shown). This indicate that the new 379 molecular markers proposed in this study for genotyping aims could be used to infer the 380 evolutionary history of P. aeruginosa strains. 381 382
Conclusions
383
High-throughput sequencing technology has permitted the analysis of the genetic 384 identity of a vast number of microorganisms, an applied science especially relevant to 385 studying human pathogens and their virulence and pathogenicity traits in depth. Here, we 386 have performed a reverse vaccinology approach using a large amount of genetic 387 information available in the PATRIC database to determine the genetic elements of 388
Pseudomonas aeruginosa to be probably targeted in future clinical studies aiming new 389 vaccine designs. We have extensively described the P. aeruginosa pangenome in terms of 390 the effective number of non-redundant genes present in this bacterial species by analysing 391 more than 180 different strain genomes. We outlined the genomic variability of this human 392 pathogen, demonstrating that approximately 60% of the P. aeruginosa genome is variable 393 across strains, with the remaining genome encoding genes that are involved in central 394 functions, such as virulence, resistance, toxicity and pathogenicity. 395
396
We have identified major genetic pieces of the core and accessory genome in P. 397
aeruginosa. Approximately 15% (2,503/16,820 genes) of the pangenome was found to 398 constitute the core genome and was present in 100% of the strains studied, accomplishing 399 general molecular functions for cell maintenance such as replication, translation, 400 transcription, central metabolism, electron transport chain, amino acid biosynthesis and 401 transport, nucleotide biosynthesis, cell wall synthesis and maintenance, and cell division. 402
Conversely, the accessory genome exhibited a comprehensive variety of functions, ranging 403 from a wide spectrum of antibiotic resistances to a specialized secretion system delivering 404 toxins and effector proteins potentially harmful for host cells. However, pathogenicity 405 traits were also observed in the distinctive KEGG pathways revealed for the core genome. 406 407 Although this is not the first report to describe the pangenome for a single bacterial 408 species [14, 21, 39, 40] , and other very recent studies have attempted to determine the P. 409 aeruginosa pangenome [18] [19] [20] , this report is the first to describe a closed P. aeruginosa 410 pangenome at very large scale, including almost 200 bacterial genomes from this human 411 pathogen and performing a pangenome-scale molecular evolutionary analysis. Our study 412 fits well with previous and general genomic characterizations of this human pathogen [18-413 20, 41] , and it definitely expands our knowledge about the evolutionary mechanisms of P. 414 aeruginosa pathogenesis. This study aimed to reveal the evolutionary processes occurring 415 at the pangenome level in P. aeruginosa that could explain the failure to design and 416 develop of a successful vaccine against this human pathogen as well as provide an 417 understanding of the molecular mechanisms that drive the evasion of the host immune 418 system. We observed that the P. aeruginosa genome is globally under purifying selection, 419
given the distribution of omega values (ω = dN/dS, median ~0.1) discerned for every gene 420 family present in its pangenome. This result was further supported by the finding that there 421 are 10-fold more genes under strong purifying selection than strong positive selection 422 (significantly different to neutrality, p ≤ 0.05). Although we found that the P. aeruginosa 423 pangenome evolves to purifying selection as a whole, we distinguished some genes and 424 functions predominantly present in the reduced set of genes under positive selection. As a 425 consequence, a considerable number of proteins located at the outer membrane, such as 426 those associated with receptor and transporter functions, were identified to have an 427 increased rate of non-synonymous substitutions. These data corroborated our results based 428 on KEGG functional analysis, which described an ample group of surface-exposed proteins 429 under strong selection forces from the immune response or environmental pressure. 430 431 For the first time, pangenome-scale evolutionary information is presented to support the 432 design of new P. aeruginosa vaccines. In this fashion, failures when using protein 433 conjugates from pili, flagella, or secretions systems [5, 7, 9, 11] are partially explained by 434 the data presented here, which indicates the presence of a high genetic variation in this 435 class of proteins in terms of non-synonymous substitutions, a fact that has been described 436 previously but at very lower scale [42, 43] . 437 438 Finally, we further explored the genetic information derived from our molecular 439 evolution analyses and proposed a set of four new polymorphic genetic markers for MLST. 440 We demonstrated that these markers contain an adequate proportion of hotspots for 441 variation, exhibiting high nucleotide substitution rates. Using these four loci, we discerned 442 the genetic identity of 6 local isolates of P. aeruginosa and related them with the resistance 443 and virulence traits carried in reference strains. 444
Methods
445
Pangenome-wide analysis 446
Genome information from P. aeruginosa strains was downloaded via the ftp server from 447 the PATRIC database [13] . A set of 181 available genomes (ffn files) was retrieved from 448 the PATRIC database, April 2014 release. Estimation of the Pseudomonas aeruginosa 449 pangenome size was assessed in a similar manner to that previously reported as genome-450 and gene-oriented methods using iterative and combinatorial approaches [14, 15, 17] . 451
Briefly, a BLAST-based iterative method was used to extract the full set of non-redundant 452 genes representing the P. aeruginosa pangenome. A single iteration consisted in a random 453 selection of a strain as pangenome primer, then the remaining set of strain were randomly 454 incorporated to the pangenome. The above process was calculated over 200 iterations with 455 random permutation of the strain order in every iterative step. A rarefaction curve was 456 plotted with all data generated and consisted in 200 different measures throughout a 457 sequential addition of 181 different strains. Pangenome metrics was also obtained in 458 iterative manner with data fitting to the power law as previously stated [15] . Power 459 regression was calculated individually for each iteration of pangenome reconstruction 460 (n=200) and plotted in R v.3.1.2 with the "igraph" package (https://cran.r-project.org). 461
Alpha parameter from the n = κN −α power regression, indicating whether pangenome is 462 open or closed, was calculated individually with least squares fit of the power law to the 463 number of new genes discovered at core genome according to tettelin and coworkers [15] . 464 Therefore, the global alpha value for the P. aeruginosa pangenome was determined as the 465 mean of all 200 different alpha values generated ± sd with the confidence interval at 0.95 466 level. Finally, the set of non-redundant genes obtained was used to explore their 467 occurrence pattern in the 181 P. aeruginosa genomes through 45] . 469 470
Molecular evolution analysis 471
The full set of ORFs constituting the P. aeruginosa pangenome was used to search 472 homologues in all genomes analysed, and multiple sequence alignments were built using 473 refined and iterative methods [46, 47] . The synonymous and non-synonymous substitution 474 rates were calculated in a pairwise manner using approximate methods The six P. aeruginosa strains (labelled as 04, 30-1, 42-1, 45, 49, and 77) were 495 isolated from patients who acquired healthcare-associated infections at a clinic located 496 outside the metropolitan area of Medellin, Antioquia, Colombia. This study was 497 approved by the ethics committee of the Fundación Clínica del Norte Hospital (Bello, 498 Antioquia, Colombia). The six isolates, previously characterized for multi-drug 499 resistance, were kindly donated to the scientist of the Bacteria & Cancer Researching 500
Group of the Faculty of Medicine, University of Antioquia, Colombia. The genomic 501 DNA from P. aeruginosa multi-drug resistant strains was extracted using a 502 GeneJER TM GenomicDNA Purification Kit (Thermo Scientific, Waltham, MA, USA). 503
The reference sequences of P. aeruginosa PA01 for the four markers selected to 504 perform MLST were downloaded from a public database [GenBank: AE004091.2: 505 region 930623 to 931822 (family 3333), region 1167488 to 1168237 (family 3675), 506 region 2230183 to 2229425 (familyc 4766), region 2935851 to 2936423 (family 5348)]. 507
Primers were designed to amplify the complete sequence of each gene, and the 508 Polymerase Chain Reaction (PCR) proceeded with 28 cycles of amplification using 509
Phusion® High-Fidelity DNA Polymerase (Thermo Scientific, Waltham, MA, USA) 510 and 50 ng of genomic DNA. PCR products were isolated using a GeneJet PCR 511
Purification Kit (Life technologies, Carlsbad, CA, USA), and both strands were 512 sequenced by the Sanger automatic method in an ABI 3730 xl instrument (Stab Vida  513 Inc., Caparica, Portugal). Base calling and genetic variants were manually explored 514 using the delivered ab1 files and FinchTV viewer (Geospiza Inc. Perkin Elmer, 515
Waltham, MA, USA). Assembled sequences from both strands were obtained and 516 concatenated to respective reference sequences obtained from the PATRIC genomes 517 analysed. Sequences belonging to the respective gene family were aligned using 518 iterative methods [46, 47] , and alignments were concatenated to perform phylogenetic 519 analysis. The sequential likelihood ratio test was carried out to detect the evolutionary 520 model that better explained genetic variation in all genes integrated in the MLST 521 approach. For that reason, we used the jModelTest tool [54], and model selection was 522 completed by calculating the corrected Akaike Information Criterion (cAIC). The 523 MLST tree was constructed using the Interactive Tree Of Life (iTOL) tool [51, 55] and 524 the phylogeny obtained using the TrN+I+G model. For comparisons aims, we compiled 525 genetic information from seven MLST markers commonly used in P. aeruginosa 526 genotyping being the housekeeping genes : acsA, aroE, guaA, mutL, nuoD, ppsA, and 527 trpE [37, 38] . Aligned sequences were concatenated and phylogenetically analyzed 528 with the jModelTest tool as well. Tree topology generated from this conventional 529 MLST markers was compared with that obtained using the new MLST markers 530 proposed in this study. the orthology level (left diagram) and molecular pathway level (right diagram) for the three 765 different categories established in concordance with gene frequency across strains. The 766 redundancy of functions was predominantly at the pathway level and permitted to discern 767 distinctive elements for each gene category. Those distinctive pathways are listed in Table  768 2. 769 
